• C and pH = 10.00 ± 0.05. The compositions of the solids and reaction solutions were determined using ICP-OES, EDX (Mg, Al, Fe) and TGA techniques (Cl − , OH − , H 2 O). Powder X-ray diffraction was applied for phase identification and determination of unit-cell parameters a o = b o and c o from Bragg evaluation. Syntheses products containing xFe solid > 0.13 display additional X-ray patterns attributed to the mixture of iron oxides and hydroxides. On the other side, precipitates with 0 ≤ xFe solid ≤ 0.13 show only X-ray reflexes typical for pure LDH compositions. Moreover, in this case unit-cell parameters a o = b o as a function of xFe solid follow Vegard's law corroborating the existence of a continuous solid solution series. TGA data demonstrated the temperatures at which interlayer H 2 O molecules and Cl − -anions are lost, and at which temperatures dehydroxylation of brucite-like layer occurs. Based on detailed analyses of TGA curves it was established that the increase of xFe solid does not result in a visible change of the thermal stability of hydrotalcite-pyroaurite solids. From the chemical analyses of both the solids and the reaction solutions after syntheses, preliminary Gibbs free energies of formation were estimated by using GEMS-PSI code package. Values of G value −3746.90 ± 11.00 kJ/mol for CO 3 2− -bearing hydrotalcite presented in our previous studies, denotes the effect of intercalated anion on the aqueous solubilities of LDH when Cl-containing solids have to be more soluble than CO 3 2− -bearing substances. Estimation of the standard molar entropy of the hydrotalcite end-member by applying Helgeson's methods and using results of co-precipitation experiments at variable temperatures let us to conclude that derivation of more precise S
• f (Pyroaurite) = −2703.61 ± 191.93 kJ/mol were found at 298.15 K. A comparison of our estimate with G
• f value −3746.90 ± 11.00 kJ/mol for CO 3 2− -bearing hydrotalcite presented in our previous studies, denotes the effect of intercalated anion on the aqueous solubilities of LDH when Cl-containing solids have to be more soluble than CO 3 2− -bearing substances. Estimation of the standard molar entropy of the hydrotalcite end-member by applying Helgeson's methods and using results of co-precipitation experiments at variable temperatures let us to conclude that derivation of more precise S
• f values would require calorimetric measurements.
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Introduction
The disposal of radioactive waste (especially, spent fuel elements) in natural geological environments calls for the development of new radionuclide-binding materials. These materials have to: (1) be physically and chemically stable at repository conditions for a long enough time to ensure that radioactive decay will greatly reduce the level of activity and (2) prevent the migration of different (i.e., cationic and anionic) radioactive compounds and their decay products from deep geological conditions to the biosphere. Layered double hydroxide phases (LDHs) or hydrotalcite-like solids are of interest to these studies due to their ability to retain very wide range of different cations ( x− result directly from their structure which is composed of positively charged brucite-like layers (the first set brackets) and intercalated anions which are accompanied by molecules of water (the second set of brackets in the formula). This means that LDHs can be considered especially as potential buffer materials in multibarrier systems for retention of mobile, soluble and long-lived radioactive anions (like, 14 C, 129 I, 36 Cl, 79 Se etc.) [16] . However, the understanding of the retention properties, behavior of LDHs in aqueous environment and finally, applying these substances for geochemical modeling at conditions of nuclear repositories are hampered by scarce information on their thermodynamic and solubility properties. The problem of retrieving thermodynamic data and predicting stability of LDHs have been recently touched only in a few studies [8, [17] [18] [19] [20] . This work on the synthesis, characterization of a particular case of big LDH family, namely, chloride-bearing hydrotalcite (Htlc) Mg 3 Al(OH) 8 Cl·nH 2 O -pyroaurite (Pyr) Fe(II) 3 Al(OH) 8 Cl·nH 2 O solids because they have been identified as characteristic secondary phase components in corrosion products under repository conditions of disposed nuclear fuel elements [4, 21] . Using various experimental techniques (X-ray powder diffraction, infrared spectroscopic measurements, thermogravimetric analysis, scanning electron microscopy, energy dispersive X-ray spectroscopy), the primary objective was to ascertain the presence of a continuous solid solution series between hydrotalcite and pyroaurite (i.e., isostructural substitution of Mg by Fe(II)). The next objectives were to quantify the standard Gibbs free energies and entropies of formation with the help of thermodynamic modeling [22] based on the chemical analysis of solid and liquid phases at equilibrium and to provide temperature corrections for thermodynamic properties of solids by using data from synthesis experiments at different (25, 40, 45, 50, 55 and 60
• C) temperatures.
Materials and methods

LDH synthesis
Samples of hydrotalcite-pyroaurite solids with varying mole fractions of iron(II) xFe solid = Fe 2+ /(Fe 2+ + Mg 2+ ) were synthesized by a co-precipitation method at T = 25, 40, 45, 50, 55 and 60
• C and pH = 10.00 ± 0.05. The syntheses were performed under argon gas flow by slow addition (at a rate 0.2-0.3 mL/min) of 50 mL degassed metal-chloride solution with (Mg 2+ + Fe 2+ )/Al 3+ = 3.0 ± 0.1 into a reactor vessel containing 350 mL of boiled MilliQ water under stirring. To maintain pH = 10.00 ± 0.05, 2 M NaOH solution was added simultaneously into the reactor using an automated titrator 736 GP TITRINO. The overall reaction of synthesis can be described as:
After the addition step, the stirring was continued for 24 h under controlled pH (pH = 10.00 ± 0.05) and needed temperature. The precipitate and supernatant liquid were then separated by using 0.22 µm MILLEX ® GP filters. The formed solid was washed three times by boiled MilliQ water and dried in a desiccator for 72 h.
Chemical analyses of solid and liquid phases
ICP-OES analyses
The contents of Mg, Fe, Al and Na in the solids and supernatant liquids were determined by ICP-OES method using TJA-IRIS™ instrument. The supernatant solutions were analyzed after acidifying with drops of 8 M HNO 3 . The solid samples were analyzed after dissolving in 2 M HNO 3 . Solutions of internal standards were prepared from MgCl 2 ·6H 2 O, FeCl 2 ·4H 2 O, AlCl 3 ·6H 2 O and NaCl chemicals (Merck ® ).
Photometric analyses
Chloride anions in the product liquid phase and in synthesized solids were analyzed photometrically (spectrophotometer CADAS 100). The solid samples were analyzed after dissolving in 2 M HNO 3 . The supernatant liquids were measured after dilution (1 : 10 and 1 : 100) with degassed MilliQ water. Solutions of NaCl were used for the preparation of internal standards.
Powder X-ray diffraction (PXRD)
The powder X-ray diffraction measurements were applied for structural characterization of the synthesized solids with respect to long-range ordering by using a 3003 TT (General Electric) diffractometer (Bragg-Brentano geometry). No internal standards for possible specimen displacement were used. The samples were measured from 5 to 85
• 2Θ with a step size of 0.02
• 2Θ and a measuring time of 15 s per step. The cell parameters were calculated from the Bragg equation and using relation between indexed d hkl distances and the lattice unit-cell parameters for hexagonal symmetry based on the first 4 reflections: (003), (006), (012), and (015).
Infrared spectroscopy
Infrared spectra of precipitates were acquired using an FTIR Bruker Equinox spectrometer in order to identify the interlayer composition (anions and water-molecules). Pellet samples were prepared by weighing approximately 200 mg KBr powder (Merck ® ) together with approximately 2 mg of each sample (1% by mass) which were finally mixed and pressed in 20 mm disks. Spectra were recorded in the wavenumber interval from 800 to 4000 cm −1 .
Thermogravimetric analyses (TGA)
TGA-DSC was carried out in order to determine the contents of interlayer water, hydroxyl groups and chloride-anions in solids. Measurements were performed on a Netzsch STA 449 C Jupiter™ instrument. The weight loss of the solids was analyzed from 25
• C to 1000
• C with a heating rate of 10
• C/min, under a nitrogen flow.
Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX)
In order to investigate the morphology of synthesized crystallites the low-pressure scanning electron microscopy (SEM) photographs were taken with a 
Thermodynamic modeling
Estimation of Gibbs free energies
Gibbs free energies of formation of the solids at T = 25, 40, 45, 50, 55 and 60
• C were estimated under assumption of the thermodynamic equilibrium between synthesized solids and liquid phases after synthesis experiments. This assumption was used because our previous co-precipitation and long-term (> 140 day) dissolution tests with CO 3 2− -bearing hydrotalcites [19] had clearly shown a non-significant oversaturation degree in aqueous solutions after analogous syntheses. Therefore, in the present study the following scheme [23, 24] ; 2) on the second step, we applied the statement of the thermodynamic equilibrium which says that: Gibbs free energy of the system at the equilibrium is minimum, and chemical potentials of the components at equilibrium are the same in each phase. This permitted the determination of the Gibbs free energies from chemical potentials of solutes and from the stoichiometric coefficients in Tables 3 and 4 according to:
where a-e: stoichiometric coefficients; µ -chemical potentials, calculated from the supernatant liquid composition.
Estimation of absolute molar entropies of formation
We estimated the absolute molar entropies at 298 K and 1 bar in order to provide temperature and pressure corrections for Gibbs free energies of synthesized hydrotalcite solids. This has been done applying two different approaches: 1) the method of Helgeson [25] (see below); and 2) based on results of hydrotalcite syntheses at various temperatures (25, 40, 45, 50, 55 and 60 • C). By applying the approach of Helgeson [25] we considered the absolute molar entropy (236.66 J/mol K) of the carbonate-bearing hydrotalcite Mg 3 Al(OH) 8 (CO 3 ) 0.5 investigated in co-precipitation and dissolution experiments at ambient (23 ± 2
• C, 1 bar) conditions [19] . Then, we constructed the hypothetical anion-exchange reaction between carbonate-containing composition and chloridebearing solid:
Since the reactant and product solids have similar structures, the approximation can be made (following [25] ) that ∆ r S • is zero. This assumption and the data on the entropies of Cl − and CO 3 2− aqueous species (56.735 and −49.999 J/mol K, respectively [24] ) allowed to estimate the absolute molar entropy of the chloride-bearing hydrotalcite substance.
The experimental method to evaluate the absolute molar entropy of hydrotalcite was based on the temperature dependence of the molar Gibbs free energies of synthesized hydrotalcites. In the first step, we used results of chemical analyses of hydrotalcite solids and corresponding supernatant liquids from syntheses at different temperatures (25, 40, 45, 50, 55 and 60
• C) and obtained values of Gibbs free energies of hydrotalcite according to the scheme described in Sect. 3 . 1 . Then we constructed the reaction of hydrotalcite decomposition to simple aqueous species:
and calculated the corresponding equilibrium constants at T = 25, 40, 45, 50, 55 and 60
• C using free energies (G f,T ) of simple aqueous species (Mg 2+ , Al 3+ , OH − , Cl − ) at given temperatures T , taken from NAGRA/PSI database [23] and using Eq. (5):
Next, we used the Van't Hoff equation (Eq. 6) in order to calculate the enthalpy effect of this reaction at 298.15 K and to find the standard enthalpy of hydrotalcite phase: (4) and the absolute molar entropy of hydrotalcite, the fundamental relation defining the important thermodynamic functions (Gibbs free energy, entropy and enthalpy) has been applied:
4. Results
Compositions of solids and liquid phases after co-precipitation experiments
The compositions of liquid and solid phases after coprecipitation experiments are provided in Tables 1-4 . In addition, we observed that washed solids contained only traces of Na (about 1 wt. %), which means that the stoichiometric coefficient of sodium in synthesized solids was less than Na 0. 001 .
Measured concentrations of dissolved Mg and Al in experiments at 25
• C vary over the range from 29.50 to 666.00 µmol/kg, and from 1.11 to 435.02 µmol/kg. We observed that molalities of dissolved Al increase with the growth of iron mole fraction in solids ( Table 1) . The molalities of dissolved iron in these experiments were below the detection limit of ICP-OES method (0.54 µmol/kg). Therefore, for further modeling calculations and in order to determine chemical potentials of aqueous Fe 2+ species using GEM-Selektor software, the total dissolved molalities of iron in these experiments were assumed to be equal 0.54 µmol/kg. 21.5 µmol/kg) with the growth of temperature (from 25 to 60
• C) (see Table 2 ). At the same time Al concentrations (1.11-3.03 µmol/kg) do not depend on temperature. Measured concentrations of chloride and sodium were determined on the level 92. 23 ) varying from 0.00 to 0.13 display diffraction patterns ( Fig. 1) typical for pure hydrotalcite-like phases [26] .
This means that the amounts of any conceivable crystalline impurities in the solids (such as, gibbsite, brucite and ferric oxides and hydroxides) do not exceed the detection limit of the PXRD technique (about 1-5 wt. %) [27] . However, in precipitates with higher mole fraction of iron (xFe solid > 0.13), we detected additional reflexes which were attributed to lepidocrocite [28] , ferric hydrates [29] or goethite [30] . The presence of these substances can be explained by the partial oxidation of Fe(II) to Fe(III) during the preparation of samples. This is confirmed by numerous observations of very fast iron oxidation processes in similar Fe(II)-containing phases (called as "green rusts"), when in contact with air or another oxidizing agent green rust phases transform into magnetite, goethite α-FeOOH, lepidocrocite γ -FeOOH, akaganeite, or ferrihydrite 5Fe 2 O 3 ·9H 2 O [31] [32] [33] [34] [35] . It was concluded that the application of a glove-box with an argon atmosphere would allow us to exclude the oxidation of Fe(II) in the synthesized hydrotalcite-pyroaurite compositions. Unit-cell parameters of hydrotalcite-pyroaurite phases with xFe solid from 0.00 to 0.13 have been calculated using a Bragg-type evaluation according to the scheme described previously [20] . Evaluated unit-cell parameters a o = b o and c o ( Table 5 , Figs. 2 and 3 ) of hydrotalcite-pyroaurite solids synthesized at 25
• C are represented as a function of mole fraction of iron.
As seen on Fig. 2 , the unit-cell parameter a o = b o correlates with the mole fraction of iron and was approximated by using the linear function (see dashed line in Fig. 2) . More- Fig. 1 . X-ray diffractograms of synthetic hydrotalcite-pyroaurite solids with xFe solid = 0.00 and 0.13. over, we found that the theoretical dependence (see dotted curves) of unit-cell distance a o = b o on the mole fractions of iron for an idealized octahedral layer (where ionic radii are r Mg 2+ = 0.720 Å, r Fe 2+ = 0.610 Å, r Al 3+ = 0.535 Å [36] ) has the same slope as the linear approximation. This can be explained by the fact that hydrotalcite-pyroaurite solids in the range xFe solid from 0.00 to 0.13 form continuous solid solution series and the variation of cell-parameter a o = b o is in agreement with the Vegard's law [37] .
On the other hand, the lattice parameter c o corresponds to three layer rhombohedral polytype 3R and is represented as a function of iron mole fraction shown in Fig. 3 .
As seen on this plot, this unit-cell parameter c o does not change significantly with increasing mole fraction of iron. The slight decrease (from 24.065 Infrared spectroscopic measurements have been performed to identify the nature of interlayer anions and to investigate its interaction with brucite-like layers. We found that IR spectra show very strong hydroxyl-and waterstretching bands at 3450 cm −1 and 1640 cm −1 , respectively. Other strong bands at about 850 cm −1 , were attributed to the translational movements of the oxygen in the octahedral brucite-like layers. The quite weak band due to adsorbed carbonate was detected at 1370 cm −1 . The presence of carbonate in precipitates is explained by the very strong affinity of LDHs for this anion. We expect that carbonate was adsorbed during the preparation of the samples for IR analyses when LDH powders were mixed with KBr phase or even during the synthesis procedure. Thermogravimetric analyses together with coupled differential scanning calorimetric measurements of synthesized hydrotalcite-pyroaurite series with mole fraction of iron from 0.00 to 0.13 demonstrated that thermal decomposition includes three main stages (Fig. 4) .
These results are in agreement with the previous literature data [38] [39] [40] showing that thermal decomposition of layered double hydroxides takes place in three steps: (1) the removal of the interlayer water, (2) the decomposition of structural hydroxyl groups and finally (3) the loss of the interlayer anions. For the current compounds, these three decomposition steps were evaluated by determining the second derivative TGA-curve and confirmed by the results of DSC measurements. We demonstrated that: (1) the first endothermic peaks occur between room temperature and approximately 239
• C, with its maxima at 136
• C due to desorption of the interlayer water; (2) the second endothermic peaks between 239
• C and 410
• C indicate a partial dehy- droxylation of brucite-like layer. The final (3) decomposition step from 410 • C to 1000
• C is recognized as loss of interlayer anions and formation of the mixture of Mg, Al and Fe oxides. We found that the incorporation of divalent iron into the structure of solids does not strongly affect their thermal stability because we observed that an increase of the mole fraction of iron does not cause a significant effect on the temperatures of removal interlayer water, dehydroxylation and removal of interlayer anions.
Scanning electron microphotographs demonstrated that majority of precipitated samples were typical for LDHs "sand rose" aggregates [41] (Fig. 5) . The most common morphologies of the particles were based on deformed hexagonal platelets, 1-20 µm in size.
Using energy dispersive X-ray analyses of individual particles we investigated the elemental distribution and these results showed that in synthesized phases with xFe solid from 0 to 0.13 the distribution of Mg, Al, Fe, C, O and Cl components is generally homogeneous and no other phases were observed.
Estimation of molar Gibbs free energies and standard entropies of hydrotalcite-pyroaurite solids
The solids as described in Tables 3 and 4 precipitated from the solutions presented in Tables 1 and 2 , respectively. In this study we neglected the possible effect of oversaturation and we assumed equilibrium between the precipitated solids and their corresponding "synthesis solutions". This allowed the calculation of the molar Gibbs free energies of precipitates by modeling compositions of liquids and calculating chemical potentials of relevant dissolved compounds using GEM-Selektor [22] as described in Sect. 3.1.
The estimated standard Gibbs free energies of hydrotalcite-pyroaurite phases as a function of iron mole fraction xFe solid = nFe/(nFe + nMg) are demonstrated in Fig. 6 . As seen in Fig. 6 , there is a tendency of G • f (298) growth when the mole fraction in synthesized solids increases.
However, this dependence is not clear and in order to improve the situation we examined the dependence of molar Gibbs free energy on the Mg/Al molar ratio in synthesized hydrotalcite phases (Fig. 7) .
As seen on this plot, standard Gibbs free energies of hydrotalcite (xFe solid = 0) can be represented as a linear function of the measured Mg/Al cationic ratio. This linear dependence allowed us to extrapolate compositions of synthesized iron-containing compositions to the idealized (Mg + Fe)/Al = 3/1 stoichiometry and to obtain significantly improved linear relationship: G (Fig. 8) , from which we determined the standard Gibbs free energies of end-members: G to assess the influence of the intercalated anions on the aqueous solubility of hydrotalcite-like solids we compared the standard Gibbs free energy of Cl-bearing hydrotalcite (−3619.04 ± 15.27 kJ/mol) obtained in the present study with data presented for CO 3 -containing hydrotalcite (−3746.90 ± 11.00 kJ/mol) [19] . The difference 127.86 ± 18.82 kJ/mol denotes the effect of the intercalated anion on the aqueous solubility, demonstrating that Cl − -containing hydrotalcite have to be more soluble than the carbonate-bearing hydrotalcite. This conclusion confirms recent literature results of Allada et al., [8] . Based on calorimetric measurements these authors predicted equilibrium constants for the dissolution of Cl − and CO 3 2− -containing hydrotalcites and concluded that carbonate substances will be less soluble than solids bearing chloride anion.
To provide reasonable temperature and pressure corrections for the thermodynamic properties of the hydrotalcite end-member, we estimated the absolute molar entropy at 298 K and 1 bar. This has been done using the method of Helgeson and using results of hydrotalcite syntheses at variable (25, 40, 45, 50, 55 and 60
• C) temperatures (see Sect. 3.2) .
Applying the method of Helgeson we found that absolute entropy of hydrotalcite composition is equal to 318.40 J/mol K. On the other hand, the second approach demonstrated that absolute entropy varies in the range from 558.93 to 1434.75 J/mol K.
These significant discrepancies in estimates of standard molar entropy are demonstrated on the temperature dependence of Gibbs free energies of hydrotalcite end-member (Fig. 9) .
Assuming that heat capacity of hydrotalcite is a constant over the temperature from 25 to 60
• C, we were able to construct the theoretical dependence of Gibbs free energy on the temperature from the following relation:
From Fig. 9 it can be seen that all estimates of absolute molar entropies do not fit experimental results sufficiently well. For the possible further work in order to provide more accurate information about absolute molar entropies, we would recommend to perform calorimetric measurements. The providing data about absolute molar entropy of hydrotalcite solids by calorimetric measurements is the objective of our forthcoming separate study.
Discussion and conclusions
The aim of the present work was to investigate aqueous solubilities of the hydrotalcite-pyroaurite solids by using results of syntheses (by co-precipitation) experiments carried out at ambient conditions (25 • C, P = 1 bar) and at elevated temperatures (40, [26] . However, products of syntheses with iron mole fraction higher than 0.13 display additional PXRD reflexes attributed to the mixture of Fe oxides and hydroxides (for instance, lepidocrocite, ferric hydrates or goethite) [28] [29] [30] . Formation of these phases was explained by very fast oxidation of hydrotalcite-pyroaurite solids in contact with air or other oxidizing agent during the preparation (or during PXRD measurements) of samples.
The thermal behavior of samples with 0 ≤ xFe solid ≤ 0.13 is that expected for LDH with 3 main decomposition steps (removal of interlayer water, dehydroxylation of brucitelike layers and removal of interlayer anion). Temperatures of these three events do not depend on the content of iron in solids. TGA-DSC measurements were used here successfully for measuring the water, hydroxyl and chloridecontent. For hydrotalcite-like phases this is usually difficult to achieve because the three decomposition steps are often not well separated.
Infrared spectra of synthesized solids show strong hydroxyl-and water-stretching bands at 3450 cm −1 and 1640 cm −1 , respectively. The strong bands at about 850 cm
have been attributed to the translational movements of the oxygen in the octahedral brucite-like layers. The quite weak band at 1370 cm −1 was attributed to adsorbed traces of carbonate ions. We explained the presence of carbonate in precipitates by very strong affinity of hydrotalcite-like solids to this anion.
An extended aim of the present study included quantifying the standard Gibbs free energies and absolute molar entropies of hydrotalcite-pyroaurite compositions. These aims can be achieved by analyzing solution-and solid compositions and assuming that thermodynamic equilibrium between precipitated solid and mother solution was reached. All chemical analyses have been performed by using ICP-OES, photometric, EDX and TGA techniques and the results of thermodynamic calculations are described in Sect. 4.3. We demonstrated that the estimated values of standard Gibbs free energies correlate strongly with the stoichiometry of hydrotalcite-pyroaurite solids. Firstly [25] and results of hydrotalcite syntheses at elevated (40, 45 50, 55 and 60
• C) temperatures we obtained absolute molar entropy estimates for hydrotalcite end-member. It was recognized that two approaches do not fit experimental results sufficiently well and these clearly seems the need to perform more precise calorimetric measurements. Particularly, it is expected that such a method will be appropriate for a more detailed comparison of stability properties of CO 3 2− -and Cl − bearing LDHs and, finally, for specifying the effect of intercalated anion on the aqueous solubilities of hydrotalcite-like solids. At the present state of the investigation we were not able to perform thermodynamic and solubility modeling of hydrotalcite-pyroaurite system from point of view of solid solution concept due to the missing information about: 1) the existence of hydrotalcite-pyroaurite phases with xFe solid > 0. 13 and, especially, pyroaurite end-member, and 2) the degree of oversaturation in "synthesis solutions". Because of this, we believe that further co-precipitation experiments as well as dissolution studies with synthesized solids will provide more results, extending the knowledge about the behavior of hydrotalcite-pyroaurite system in aqueous environment, i.e., particularly, at conditions of nuclear waste repositories.
